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THE PETROGMESIS OF THE MILLTOWN DAM SILL 
MISSOULA COUNTY, MONTANA
H. R ich a rd  E is e n b e is
ABSTRACT
The M illtow n  Dam s i l l ,  a p p ro x im a te ly  105* t h i c k ,  was s tu d ie d  
in  an a tte m p t to  d e te rm in e  i t s  m in e ra lo g y , d i f f e r e n t i a t i o n ,  o rd e r  o f  
c r y s t a l l i z a t i o n ,  and o r i g in .  The s i l l  i s  pre-C am brian  and o ccu rs  as 
a  s t e e p ly  d ip p in g  body in  a p re-C am brian  a r g i l l i t e .
M in e ra lo g ic a l ly  th e  s i l l  i s  r a t h e r  u n u su a l owing to  th e  abnor­
m a lly  h ig h  p e rc e n ta g e  o f  i r o n  o re s  and th e  p re sen c e  o f  o n ly  one 
py roxene . I ro n  o re s  a v e rag e  B,3% o f  th e  ro c k , b u t  reach  a  concen­
t r a t i o n  o f  1 8 .9 ^  i n  th e  c o a rse  zone o f  th e  i n t r u s i v e .  D i f f e r e n t i a t i o n  
i s  due l a r g e l y  t o  f r a c t i o n a l  c r y s t a l l i z a t i o n  and to  a l e s s e r  e x te n t ,  
c r y s t a l  s e t t l i n g .  G rain  s i z e  in c r e a s e s  n o ta b ly  from th e  bottom  upward 
re a c h in g  a maximum s i z e ,  25* from  th e  u p p e r c o n ta c t .  O p tic a l  examin­
a t i o n  o f  th e  l a b r a d o r i t e  (Ab^^An^^) and p ig e o n i te  (Wo^^pEn^Fs^^^) show 
no chem ica l v a r i a t i o n  o f  th e  two m in e ra ls .
Due to  i t s  h ig h  i r o n  c o n te n t , th e  s i l l  i s  b e lie v e d  t o  have been  
ta p p e d  from th e  r e s id u a l  l i q u i d  o f  a  d i f f e r e n t i a t i n g  b a s a l t i c  magma, 
i n  w hich th e  t r e n d  o f  e v o lu tio n  was en richm en t i n  i r o n  r a t h e r  th a n  
to w ard  a d a c i t e - r h y o l i t e  r e s id u a l .
—VI-
INTRODUCTION 
P u rp o se  o f  th e  I n v e s t ig a t io n
A number o f  b a s ic  s i l l s  in t r u d e  th e  p re-C am brian  B e lt ia n  s e d i ­
m en ts w ith in  a  r a d iu s  o f  100 m ile s  o f  M isso u la , M ontana. The s p e c i f i c  
n a tu r e  o f  th e s e  i n t r u s io n s  has n e v e r  been d e te rm in e d . The s i l l s  a r e  
p ro b a b ly  g e n e t i c a l l y  r e l a t e d .  A knowledge o f t h e i r  p e t r o lo g ic a l  
c h a r a c t e r  i s  o f  i n t e r e s t  i n  th e  o v e r a l l  problem  o f  th e  p re-C am brian  
g e o lo g y  o f  W estern  M ontana. To t h i s  end , a  d e ta i l e d  s tu d y  was made 
o f  one o f  th e s e  i n t r u s i v e s ,  th e  M illtow n Dam s i l l .
L o ca tio n  and P h y s ic a l  F e a tu re s
The M illtow n  Dam s i l l  i s  lo c a te d  a p p ro x im a te ly  fo u r  a i r  m ile s  
E .N .E . o f  M isso u la , Montana i n  S e c tio n  2 1 , Range IS  W est, Township 
13 N o rth  o f th e  B onner, M ontana, Q uad rang le . The Bonner Q uadrangle 
o c c u p ie s  an a re a  i n  th e  n o r th e rn  Rocky M ountain System  (Fenneman 1931 )< 
More s p e c i f i c a l l y ,  th e  s i l l  l i e s  0 .2  m ile  w est o f  th e  mouth o f  th e  
B la c k fo o t R iv e r  on th e  so u th  sh o re  o f  th e  C lark  Fork R iv e r . At t h i s  
l o c a t i o n  t h e  Montana Power Company has c o n s tru c te d  a sm a ll dam and 
h y d r o e l e c t r i c  p l a n t .  The s i l l  i s  exposed on a  c l i f f  a p p ro x im a te ly  
200* h ig h  a t  th e  s o u th  end o f  th e  dam. The dam te rm in a te s  a g a in s t  
t h i s  c l i f f  i n  th e  s i l l .
The a re a  i s  e a s i l y  a c c e s s ib le  by two r o u te s :  f i r s t ,  by ta k in g
U. S . 10 seven  m ile s  e a s t  o f  M isso u la , tu r n in g  r i g h t  a t  th e  M illtow n
-1-
-2-
Mill+ownLU
B o n n e rOCMISSOULA.
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S c a le r  1” = i j  m i.
F ig u r e  1 . In d ex  map, showing lo c a t io n  o f  th e  M illtow n  Dam s i l l
b r i d g e ,  fo llo w in g  th e  d i r t  ro ad  to  th e  dam, and c ro s s in g  th e  fo o tb r id g e  
t o  th e  c l i f f ;  seco n d , by tu rn in g  r i g h t  on to  a  d i r t  ro ad  5-5 m ile s  e a s t  
o f  M isso u la , c ro s s in g  th e  b r id g e  a c ro s s  th e  C la rk  F o rk , and  p ro ce ed in g
1 .2  m ile s  t o  th e  to p  o f  th e  c l i f f  c o n ta in in g  th e  s i l l  (F ig u re  l ) .
P re v io u s  Work in  th e  Area
T here  has been no p re v io u s  work done i n  th e  im m ediate  a re a  
e x c e p t f o r  a  r a t h e r  g e n e ra l iz e d  s tu d y  o f  th e  p re-C am brian  ro ck s 
p r e s e n t  by C lapp and D e iss  i n  1931. No d e ta i l e d  work has been done 
w i th  any o f  th e  sm a ll i n t r u s iv e s  o u tc ro p p in g  w i th in  th e  a r e a .  The 
s i l l  w ith  w hich t h i s  p a p e r  i s  co n cern ed  i s  n o t l i s t e d  i n  any g e o lo g ic  
r e p o r t s  o r  found  on any g e o lo g ic  maps o f  th e  a r e a .
—3-
Ac knowledgem ents
The a u th o r  w ish es  t o  e x p re s s  h i s  in d e b te d n e ss  to  Dr. John Hower 
o f  th e  D epartm ent o f  Geology a t  M ontana S ta te  U n iv e r s i ty ,  whose 
i n t e r e s t  made t h i s  work p o s s ib l e ,  f o r  h i s  many h e lp f u l  c r i t i c i s m s  and 
s u g g e s t io n s ;  to  D r. R alph Y alkovsky and D r. R o b ert Weidman o f  th e  
D epartm ent o f  Geology a t  Montana S t a te  U n iv e rs i ty  f o r  t h e i r  su g g e s tio n s  
a n d  c r i t i c i s m s ;  and to  P a t r i c i a  Ann B e ll  f o r  h e r  t im e ly  a s s i s t a n c e  in  
t h e  e d i t i n g  o f  t h i s  p a p e r.
FIELD CHARACTERISTICS
I n t ro d u c t io n
The s i l l  i s  b e s t  exposed  on th e  f a c e  o f a c l i f f  o v e rlo o k in g  th e  
town o f  M illto w n , M ontana. S u rfa c e  ex p o su res  a r e  r a r e  in  th e  a re a  due 
t o  a  heavy  c o v e r  o f  so d  and w eath ered  b e d ro c k . The c l i f f  i s  a p p ro x i­
m a te ly  200 ' h ig h  and i s  composed l a r g e ly  o f  pre-C am brian  a r g i l l i t e  
w h ich  h as  been  in tru d e d  by a  d ia b a se  s i l l  r i c h  in  i r o n .  The th ic k n e s s  
o f  t h e  s i l l  i s  105 ’ ; i t  s t r i k e s  N 37® W and d ip p s  5S® S .E . (F ig u re  2 ) .  
The c o n ta c ts  betw een th e  o v e r ly in g  and  u n d e rly in g  a r g i l l i t e  a r e  k n i f e -  
s h a rp ;  th e  d ia b a s e  becomes a lm o st b a s a l t i c  in  c h a r a c te r  g iv in g  ev id en ce  
o f  q u ic k  c o o lin g .
The H ost Rock
The p re-C am brian  a r g i l l i t e  i n to  w hich t h i s  s i l l  h as  been 
i n t r u d e d  i s  th e  u p p e r  member o f  t h e  McNamara fo rm a tio n  and i s  B e l t ia n  
i n  a g e . A ccording t o  C lapp and D e iss  ( l9 3 l) ^  th e  McNamara fo im a tio n  
i s  w id e ly  exposed i n  t h i s  a re a  o v e r ly in g  th e  H e llg a te  q u a r t z i t e ,  a l s o  
o f  B e l t i a n  Age. The McNamara i s  f a i r l y  t y p i c a l  o f  many B e lt  ro c k s , 
b e in g  composed m a in ly  o f  m u lt i - c o lo r e d  a r g i l l i t e s  and q u a r t z i t e s  and 
c o n ta in in g  many mud c ra c k s  and r i p p le  m arks. The u p p er member o f th e  
fo rm a t io n  c o n ta in in g  th e  s i l l  i s  made up o f  b r ig h t  g reen  and r e d , 
f i n e - g r a in e d  a r g i l l i t e s .  D ense, f in e - g r a in e d ,  c h e r t - l i k e  g reen  
a r g i l l i t e  i s  in  p la c e s  i r r e g u l a r i l y  in te rb e d d e d  w ith  th e  more m assiv e  
s t r a t a .  T h is i s  th e  n a tu re  o f  th e  a r g i l l i t e  a t  th e  upper and lo w er
-4-
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Figure 2# View of the Milltown Sill, looking south across the Clark 
Fork.
Figure 3. The upper contact of the Milltown Dam Sill with the McNamara 
formation.
-6-
c o n ta c t s  o f th e  s i l l .  The McNamara fo im a tio n  was p ro b ab ly  d e p o s i te d  
i n  an  e x o g e o sy n c lin a l environm ent in  l a t e  p re-C am brian  t im e . E p id o te  
i s  common w i th in  th e  v i c i n i t y  o f  th e  s i l l  fo rm ing  c o a t in g s  and f r a c t u r e  
f i l l i n g s  w ith in  th e  a r g i l l i t e ,  o c c u r r in g  a s  a h y d ro th erm al a l t e r a t i o n  
p ro d u c t o f  t h e  pyroxene and p la g io c la s e  in  th e  i n t r u s iv e .  The t o t a l  
th ic k n e s s  o f  th e  McNamara fo rm a tio n  i n  t h i s  a r e a ,  a c c o rd in g  to  C lapp 
and  D eiss ( l 9 3 l ) ,  i s  a p p ro x im a te ly  3000 f e e t ,  and t h a t  o f  t h e  u p p e r 
member 800 ' .
The D iabase
The s i l l  i s  brown on exposed  s u r f a c e s  a n d , view ed from  a 
d i s t a n c e ,  has th e  ap pearance  o f  b e in g  ex trem ely  w ea th e red  and  h e a v i ly  
f r a c t u r e d .  At th e  bottom  o f  th e  c l i f f  i s  a  l a r g e  t a l u s  s lo p e .  How­
e v e r ,  th e  s i l l  i s  n o t h ig h ly  w e a th e re d , th e  decay  b e in g  l im i te d  o n ly  
t o  exposed s u r fa c e s  and a lo n g  f r a c t u r e s .  The h e a v i ly - f r a c tu r e d  
n a tu r e  o f th e  rock  a c c o u n ts  f o r  th e  l a r g e  amount o f  t a l u s .  A ccording 
to  th e  forem an o f  th e  power p la n t ( p e r s o n a l  co m m u n ica tion ), t h i s  d e b r is  
has cau sed  th e  Montana Power Company much co n ce rn  f o r  i t  te n d s  to  f i l l  
i n  th e  f r o n t  o f  th e  dam and power p la n t  r e s t r i c t i n g  th e  f lo w  o f  w a te r  
from  t h e  power house  t u r b in e s .  E very  few y e a rs  th e  r i v e r  m ust be 
d re d g e d  to  f a c i l i t a t e  th e  flow  o f  w a te r .
The c o lo r  o f  th e  f r e s h  rock  i s  b lu is h - b la c k .  M in e ra l g r a in s  
show a  p ro g re s s iv e  in c r e a s e  in  s i z e  from  t h e  u p p e r and lo w e r c o n ta c t s .  
T h is  i s  p l a i n l y  e v id e n t from  m egascopic ex am in a tio n  o f hand specim ens. 
The l a r g e s t  g ra in s  a re  lo c a te d  in  a zone e x te n d in g  12 to  28 f e e t  
below  th e  u p p e r c o n ta c t .  A maximum g r a in  s iz e  o f  ^ in c h e s  i s  reach ed
—7—
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F ig u re  4 . Map show ing pre-Cambrian in t r u s iv e s  b e lie v e d  to  be r e l a t e d  
t o  th e  M illto w n  Dam s i l l ,  a f t e r  R oss, Andrews, and W itk ind  (1 9 5 5 ), 
G eologic  Map o f  M ontana, (S c a le :  1" = 10 m i .)
25 f e e t  from th e  to p  o f  th e  i n t r u s i v e .  Hand specim ens a re  l a r g e ly  
h o l o c r y s t a l l i n e  and m ost o f  th e  g r a in s  a r e  e u h e d ra l .  As a whole th e  
ro ck  has an  o p h i t i c  to  s u b o p h it ic  t e x tu r e .
A l l ie d  I n t r u s iv e s
S e v e ra l l a r g e r  i n t r u s i v e s  a r e  fo u n d  i n  t h i s  same g e n e ra l  a re a  
(F ig u re  4)* The l a r g e s t  o f  th e s e  i s  lo c a te d  n o r th  o f  M isso u la , s i x  
m ile s  to w ard  th e  h ead w a te rs  o f  R a tt le s n a k e  c re e k ,  a  t r i b u t a r y  o f th e  
C la rk  Fork R iv e r . I t  i s  exposed  f o r  a  d i s ta n c e  o f  f i v e  m ile s  s t r i k i n g  
i n  a  n o r th w e s te r ly  d i r e c t i o n .  A nother somewhat s m a lle r  i n t r u s i v e ,  
th r e e  m ile s  in  le n g th ,  s t r i k i n g  n o r th w e s t, o u tc ro p s  on th e  w est s id e  
o f  th e  B la c k fo o t R iv e r  a t  Bonner, M ontana, two and o n e -h a lf  m ile s  
from  th e  M illtow n  Dam s i l l .  A t h i r d  s m a lle r  i n t r u s i v e ,  one m ile  long
—6—
a n d  s t r i k i n g  n o r th w e s t , o u tc ro p s  on U.S. 1 0 , t h i r t e e n  m ile s  e a s t  o f  
M isso u la . A ccording  to  R oss, Andrews, and W itk ind  (1 9 5 5 ), th e s e  
i n t r u s i v e s  a r e  l a t e  p re -C am b rian . S in ce  th e y  a r e  v e ry  s i m i l a r  to  
each  o th e r  and to  th e  M illto w n  Dam s i l l ,  t h e r e  i s  a  s t ro n g  p o s s i b i l i t y  
t h a t  t h e  M illto w n  Dam s i l l  i s  th e  same age an d  t h a t  th e y  a re  g e n e t i ­
c a l l y  r e l a t e d .  The p re se n c e  o f  th e s e  i n t r u s iv e s  and many s m a lle r  
i n t r u s i v e s  i n  th e  a re a  show e v id e n ce  o f  p ronounced ig n eo u s a c t i v i t y  
i n  t h i s  im m ediate  v i c i n i t y  d u rin g  th e  c lo s e  o f p re-C am brian  t im e .
W ith in  a f i f t y  y a rd  ra d iu s  o f  th e  M illtow n  Dam s i l l  th e r e  a re  
num erous sm a ll i n t r u s i v e s .  A lthough th e s e  a r e  s i m i l a r  i n  t e x tu r e  and 
c o m p o s itio n  t o  th e  m ain s i l l ,  o n ly  one was e x te n s iv e  enough to  w a rra n t  
d e t a i l e d  s tu d y . I t  i s  exposed  i n  th e  same c l i f f  below  th e  m ain s i l l .  
T h is  su p p lem en ta ry  s i l l  i s  6 ' 9” th ic k  and tr e n d s  p a r a l l e l  to  th e  m ain 
s i l l  th ro u g h o u t i t s  exposed d i s t a n c e .  A sm a ll f a u l t  has o f f s e t  t h i s  
sm a ll i n t r u s iv e  Ig  f e e t .  T hat t h e  m ain s i l l  ex ten d s a c ro s s  th e  r i v e r  
to  t h e  n o r th  s id e  i s  in d ic a te d  by an  ex posu re  o f  d ia b a s e  on th e  sh o re  
d i r e c t l y  on s t r i k e  w ith  th e  s i l l  a c ro s s  th e  r i v e r .
MINERALOGY 
G enera l C o n s id e ra tio n s
The m in e ra lo g y  o f  th e  i n t r u s i v e  i s  c h a r a c t e r i s t i c  o f  m ost 
t h o l e i i t i c  d ia b a s e s  a n d , t h e r e f o r e ,  i s  r e l a t i v e l y  s im p le . P la g io c la s e  
an d  c lin o p y ro x e n e  a re  th e  two m ain c o n s t i t u e n t s ,  com posing a p p ro x i­
m a te ly  00% o f  th e  ro c k . I ro n  o re  and b i o t i t e  a r e  p re s e n t  a s  m inor 
c o n s t i t u e n t s  and  make up m ost o f  t h e  rem a in in g  ro c k . Q uartz  and  
h o rn b len d e  a r e  found i n  th e  c o a r s e  zone 2 5 ' from  th e  u p p e r c o n ta c t ,  
and a p a t i t e  i n  t r a c e  am ounts a t  th e  c o n ta c t s .  The c lin o p y ro x e n e  and 
th e  p la g io c la s e  show no v a r i a t i o n  i n  o p t i c a l  p r o p e r t i e s  o r  chem ica l 
c o m p o s itio n . Modal A nalyses o f th e  s i l l  w ere d e te rm in ed  a t  f i v e  
f o o t  i n t e r v a l s  by m ic ro m e tric  a n a ly s i s  o f  t h i n  s e c t io n s  
(Appendix I ) .
M ajo r C o n s t i tu e n ts
P la g io c la s e
The p e rc e n ta g e  o f  p la g io c la s e  v a r ie s  b u t a v e rag e s  a b o u t o f 
th e  t o t a l  ro ck . I t  ran g e s  from  45^ a t  th e  u p p e r c o n ta c t  to  a maximum 
o f  51% i n  th e  m idd le  re g io n s  and d e c l in e s  to  U3% a t  th e  lo w e r c o n ta c t .  
A minimum o f  41^ i s  rea ch e d  i n  th e  c o a r s e  zone o f th e  s i l l  (F ig u re  5)*
The m odal g r a in  s i z e  a ls o  v a r ie s  c o n s id e ra b ly ,  g ra d in g  from  
0 .5 1  mm a t  th e  u p p e r c o n ta c t  to  a maximum o f  2 .0 2  mm i n  th e  c o a rs e  
zone and d e c l in in g  to  a  minimum o f 0 .4 4  mm a t  th e  low er c o n ta c t .  The 
in c r e a s e  and  d e c re a s e  above and below  th e  c o a rs e  zone i s  m arked ly
-9-
—10-
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u n ifo rm  and t r a n s i t io n a J .  (F ig u re  6 ) .  In  a l l  sam ples o n ly  th e  lo n g e s t  
d im en sio n s o f  th e  p la g io c la s e  l a t h s  w ere m easured . The co m p o sitio n  o f  
t h e  p l a g io c la s e ,  d e te rm in e d  by r e f r a c t i v e  in d e x  m easu rem en ts , i s  v e ry  
c o n s i s t e n t  th ro u g h o u t th e  s i l l  and can be c l a s s i f i e d  a s  Ab^^An^^ 
( l a b r a d o r i t e ) ,  a c c o rd in g  to  Wine h e l l  and W in ch e ll (1951 )• No zon ing  
o f  th e  p la g io c la s e  was o b se rv ed . C a rlsb ad  tw in n in g  i s  a lm ost u n iv e r ­
s a l  and i s  v e ry  o f te n  accom panied by a l b i t e  tw in n in g . P e r i c l in e  
tw in n in g  i s  p r e s e n t  b u t uncommon.
The p la g io c la s e  i s  g e n e r a l ly  w e l l  p re s e rv e d  b u t in  some p o r t io n s  
o f  th e  s i l l  h as  been la r g e ly  a l t e r e d  t o  s e r i c i t e .  A number o f  p la g io ­
c la s e  g r a i n s ,  s e l e c te d  from  v a r io u s  lo c a t io n s  i n  th e  body, showed no 
s i g n i f i c a n t  change i n  o p t i c a l  p r o p e r t i e s .  An a v e rag e  o f  th e s e  p ro p e r­
t i e s  i s  l i s t e d  below . The o p t i c a l  p r o p e r t i e s  o f  th e  l a b o r a d o r i t e  
w ere  d e te rm in ed  to  be :
S ign  (+) R e f ra c t iv e  x  = 1 .557
In d ic e s  y  = 1 .560
2V = 75°± z = 1.565
z — X — 0 .0 0 8
Cl i  nopyroxene
The c lin o p y ro x e n e  shows a p ro g re s s iv e  in c r e a s e  i n  p e rc e n ta g e  
from  th e  to p  to  t h e  bottom  o f  th e  s i l l ,  ra n g in g  from  f i v e  f e e t  
below  th e  u p p e r c o n ta c t  to  a  maximum o f  UU% a t  th e  low er c o n ta c t  
(F ig u re  5)* As in  th e  c a se  o f  th e  l a b r a d o r i t e ,  a minimum o f  25^ o c cu rs  
i n  th e  c o a rs e  zone o f  th e  i n t r u s i v e .
The modal in c r e a s e  and d e c re a se  in  g r a in  s i z e  i s  a ls o  v e ry  
s i m i l a r  t o  t h a t  o f  th e  p la g io c la s e .  I t  ran g es  from a minimum o f
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0 .3 5  ™  a t  th e  u p p e r c o n ta c t  t o  2.13  mm in  th e  c o a rse  z o n e , d e c re a s in g  
t o  0 .4 6  mm a t  th e  low er c o n ta c t  (F ig u re  6 ) .  Only th e  lo n g e s t  dimen­
s io n  o f  th e  c lin o p y ro x e n e  was m easured  in  th e  a n a ly s i s .  In  g e n e ra l ,  
t h e  m odal g ra in  s i z e  o f  th e  p ig e o n i te  i s  s l i g h t l y  l e s s  th a n  th e  
l a b r a d o r i t e  ex ce p t in  th e  c o a rse  zone o f  th e  s i l l .
No v a r i a t i o n  in  th e  co m p o sitio n  o f  th e  c lin o p y ro x en e  was 
o b se rv e d . I t s  co m p o s itio n , d e te rm in e d  by  r e f r a c t i v e  in d e x  m easure­
m ents o f  g r a in s  from v a r io u s  lo c a t io n s  w ith in  th e  s i l l ,  was found 
to  f a l l  midway betw een th e  u p p e r and  m idd le  members o f  th e  p ig e o n i te  
isom orphous s e r i e s  (L arsen  and Berman 19 3 4 ). No zon ing  o f th e  p igeon­
i t e  was o b se rv e d ; how ever, some o f  th e  l a r g e r  g ra in s  show good tw in ­
n in g . The p ig e o n i te  i s  g e n e r a l ly  u n a l te r e d ;  b u t i n  p la c e s  i t  h as 
r e a c te d  w ith  th e  i r o n  o r e  to  form  b i o t i t e .  O p tic a l  p r o p e r t i e s  o f  t h e  
p ig e o n i te  a r e :
S ig n  {+) R e f ra c t iv e  x  = 1 .705
In d ic e s  y  = l .? 0 6
2V r  2 0 ^ t z = 1 .729
z — X — 0 .02 4
T h is  v a r i e ty  o f  p ig e o n i te  a cc o rd in g  to  Hess (l949)^ has th e  
co m p o s itio n  o f Wo^g En^j^ F s^^ .
M inor C o n s t i tu e n ts
B i o t i t e
The p e rc e n ta g e  o f  b i o t i t e  i s  f a i r l y  c o n s i s t e n t  th ro u g h o u t th e  
s i l l ,  a v e ra g in g  a p p ro x im a te ly  ^% o f  th e  t o t a l  c o m p o s itio n . I t  i s  
p ro b a b ly  p re s e n t  a s  a l a t e  r e a c t io n  p ro d u c t o f  th e  i r o n  o re  and th e
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p i  g e o n it  e . B i o t i t e  re a c h e s  a  maximum c o n c e n tr a t io n  o f  1 5 .4 #  i n  th e  
c o a r s e  zone o f  th e  i n t r u s i v e .  Much o f  th e  b i o t i t e  has been a l t e r e d  
to  c h l o r i t e  and g e n e r a l ly  th e  two o c c u r to g e th e r  a s  i r r e g u l a r  f l a k e s .  
O p t ic a l  p r o p e r t i e s  and modal g r a in  s iz e  o f  th e  b i o t i t e  f la k e s  w ere 
n o t d e te rm in e d .
I r o n  Ore
The i r o n  o re s  a r e  p e rh ap s th e  most i n t e r e s t i n g  m in e ra ls  found 
i n  th e  s i l l  due to  t h e i r  u n u s u a l ly  h ig h  c o n c e n tr a t io n .  I r o n  o re  i s  
c o n c e n tr a te d  th ro u g h o u t th e  s i l l  and in  th e  c o a r s e s t  p o r t io n  i s  
s u f f i c i e n t l y  abundant to  be c l a s s i f i e d  a s  a  m ajo r c o n s t i t u e n t .  The 
p e rc e n ta g e  o f o re  v a r ie s  from  5# to  10# ex cep t in  th e  c o a rs e  zone 
where i t  i s  19# and a ls o  3 0 ' from  th e  to p  where i t  re a ch e s  a  minimum 
o f  1 . 5# . G ra in s o c c u r  c h ie f ly  as i r r e g u l a r  s k e l e t a l  m asses v a ry in g  
g r e a t l y  i n  s i z e .  The i r o n  o r e  was a n a ly z e d  by x - r a y  m ethods and was 
found  t o  b e  a m ix tu re  o f  m a g n e tite  and i lm e n i te  in  a  r a t i o  o f  a p p ro x i­
m a te ly  3 to  1 . R e s u lts  o f  th e  a n a ly s is  may be found i n  th e  append ix .
Q uartz
Q uartz  i s  p re s e n t  in  th e  c o a r s e  zone o f  th e  s i l l  o c c u r r in g  
i n t e r s t i t i a l l y  betw een th e  l a b r a d o r i t e  and th e  p ig e o n i te .  I t s  g r e a t e s t  
c o n c e n tr a t io n  i s  1 .5 # , tw e n ty - f iv e  f e e t  from  t h e  to p  o f th e  i n t r u s iv e .  
G ra in s  som etim es rea ch  0 .7 5  mm b u t a re  g e n e r a l ly  much s m a lle r .
A c c e sso r ie s
A p a t i te
T races o f  a p a t i t e  a re  found  a t  th e  l im e s to n e  c o n ta c t s ,  o c c u r­
r in g  a s  s le n d e r  n e e d le s  o f  e a r l y  c r y s t a l l i z a t i o n .  G ra in s a r e  sm all 
a v e ra g in g  0 .5 1  mm i n  l e n g th .  O p tic a l  p r o p e r t i e s  were n o t d e te rm in e d .
H ornb lende
H ornblende i s  found  i n  sm a ll amounts i n  th e  c o a rs e  zone o f  th e  
s i l l .  I t  p ro b a b ly  o c c u rs  a s  a  r e s u l t  o f  l a t e  magmatic o r  h y d ro th erm al 
r e a c t i o n  w ith  t h e  p ig e o n i te .  The g r a in s  e n co u n te re d  were v e ry  sm a ll 
and  i t s  c o n c e n tr a t io n  was to o  low  to  w a rra n t s p e c ia l  s tu d y .
Secondary  M in e ra ls
E p id o te
E p id o te  o c c u rs  s p a r in g ly  a s  f r a c t u r e  f i l l i n g s  w i th in  th e  s i l l  
and th e  su rro u n d in g  c o u n try  ro c k . I t  p ro b ab ly  form ed a s  a h y d ro th e r ­
m al a l t e r a t i o n  p ro d u c t o f  th e  p ig e o n i te  and th e  l a b r a d o r i t e  
(W in ch e ll and W in ch e ll 1951).
-15-
F ig u re  7 . Upper c o n ta c t  a r g i l l i t e .  F ig u re  8 . D iabase a t  upper
c o n ta c t  o
A ll m a g n if ic a tio n s  ; (X45)
p = p ig e o n i te  
1 -  l a b r a d o r i t e
m -  m a g n e tite  -  i lm e n i te  
b = b i o t i t e
F ig u re  9- D iab ase , 1 5 ’ below  
u p p e r c o n ta c t .
F ig u re  10. D iabase from c o a rse  
zone, 2 5 ’ below  c o n u a c t.
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F ig u re  11 . D iab ase , 50* below  
u p p e r c o n ta c t .
F ig u re  12. D iab ase , 85* below  
u p p e r  c o n ta c t .
A ll M a g n if ic a tio n s :  (X45)
p = p ig e o n i te  
1 -  l a b r a d o r i t e
m = m ag n e tie  -  i lm e n i te  
b r  b i o t i t e
IK
F ig u re  1 3 . D iabase  a t  lo w e r 
c o n ta c t .
F ig u re  14. Lower c o n ta c t  
a r g i l l i t e .
PETROLOGY
I n t r o d u c t io n
P h y s ic a l ly  and m in e r a lo g ic a l ly  th e  M illto w n  Dam s i l l  re sem b les 
a norm al t h o l e i i t i c  d ia b a s e . The c o m p o s itio n , t e x t u r e s ,  and a s s o c ia ­
t i o n s  o f  th e  m in e ra ls  p re s e n t  a r e  t y p i c a l l y  d ia b a s ic ;  how ever, th e  
ro c k  a s  a  w hole  i s  h ig h e r  in  i r o n  and  t i ta n iu m  and lo w e r i n  s i l i c a  
th a n  norm al t h o l e i i t e s .  T h is i s  due to  th e  h ig h  p e rc e n ta g e  o f  o re  
m in e ra ls  g iv in g  r i s e  to  a  rock  more i r o n - r i c h  th a n  th e  norm al d ia b a se . 
I t  can p ro b a b ly  be b e s t  d e s c r ib e d  as  a f e r r o d ia b a s e .  The s i l l  a ls o  
d i f f e r s  from  t h e  norm al d ia b a s e  i n  one o th e r  im p o r ta n t a s p e c t .  Only 
one v a r i e ty  o f  pyroxene i s  p r e s e n t .  A ccording to  B arth  (1 9 5 2 ),
T u rn e r and Verhoogen (1 9 5 1 ), and Hess (1 9 4 1 ), t h i s  i s  n o t p ro b a b le  
u n d e r norm al c o n d i t io n s  o f  magm atic e v o lu t io n . T h e re fo re , i t  a p p e a rs  
t h a t  t h e  s i l l  and th e  p a re n t  magma d id  n o t fo llo w  th e  common t r e n d  o f  
e v o lu t io n  and c e r t a i n  r a t h e r  r a r e  c o n d it io n s  p r e v a i le d .  These two 
p o in ts  a lo n g  w ith  s e v e r a l  o th e r s  a r e  d is c u s se d  i n  d e t a i l  below .
D i f f e r e n t i a t i o n
D i f f e r e n t i a t i o n  w ith in  th e  s i l l  i t s e l f  i s  shown by an in c r e a s e  
i n  py roxene tow ard  th e  bottom  and th e  c o n c e n tr a t io n  o f la te - fo rm in g  
m in e ra ls  i n  th e  c o a r s e  zone. Two f a c to r s  a re  r e s p o n s ib le  f o r  t h i s  
d i f f e r e n t i a t i o n — f r a c t i o n a l  c r y s t a l l i z a t i o n ;  and , to  a l e s s e r  e x t e n t , 
c r y s t a l  s e t t l i n g .  These mechanisms a re  by no means uncommon in  
i n t r u s i v e s  where s lo w  c o o lin g  o c cu rs  i n  c lo s e d  cham bers. F r a c t io n a l
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c r y s t a l l i z a t i o n  was by f a r  th e  m ost im p o r ta n t  d i f f e r e n t i a t i o n  f a c t o r  
i n  th e  s i l l .  As c r y s t a l l i z a t i o n  o f  th e  m e lt  p ro ce ed e d , th e  r e s id u a l  
l i q u i d  became e n ric h e d  i n  i r o n  and t i t a n iu m  w ith  rem oval o f  th e  
p ig e o n i te  and th e  l a b r a d o r i t e  from  th e  m e l t .  W ith th e  downward 
s e t t l i n g  o f  th e  c r y s t a l s  th e  d is p la c e d  r e s id u a l s  m ig ra te d  upward in  
th e  c o o lin g  body becom ing c o n c e n tra te d  i n  th e  u p p er r e g io n  o f  th e  
i n t r u s i v e .  T h is a l s o  cau sed  a c o n c e n tr a t io n  o f i r o n  w ith  r e s p e c t  to  
l a b r a d o r i t e  and p ig e o n i t e .  Edwards (1 9 4 2 ) , Holms and Harwood (1 9 3 7 ), 
and T u rn e r and Verhoogen ( l 9 5 l )  and o t h e r s ,  have o b se rv ed  h igh  i r o n  
c o n c e n tr a t io n s  i n  ro c k s  form ed from  l a t e - c r y s t a l l i z i n g  m e lts  w hich 
th e y  a t t r i b u t e  to  th e  p re se n c e  o f  w a te r  and o th e r  v o l a t i l e  m a te r ia ls  
i n  t h e  r e s id u a l  m e l ts .  However, th e y  do n o t a tte m p t t o  e x p la in  what 
m echanism s a r e  r e s p o n s ib le .  W alker (1939) t r i e s  t o  e x p la in  t h i s  by 
s t a t i n g  t h a t  th e  p re se n c e  o f  v o l a t i l e s  w i l l  p re v e n t m ost o f t h i s  
i r o n  from  go ing  i n to  c h em ic a l c o m b in a tio n  w ith  s i l i c a  a s  pyroxene; 
th e  r e s u l t i n g  ro ck  form ed from  th e  r e s i d u a l  m e lt w i l l  be h igh  in  l a t e -  
c r y s t a l l i z i n g  i ro n  o re s  and may show p re se n c e  o f  f r e e  q u a r tz .  These 
s ta te m e n ts  seem to  a p p ly  v e ry  w e ll f o r  th e  M illtow n Dam s i l l ,  f o r  
such  i s  th e  c h a r a c te r  o f  th e  rock in  th e  c o a rse  zone o f  t h e  body.
When i r o n  d id  s t a r t  to  c r y s t a l l i z e  o u t o f  th e  m e l t ,  even though 
o f  a  h ig h e r  s p e c i f i c  g r a v i t y ,  th e  c r y s t a l s  c o u ld  n o t s in k  p a s t  th e  
a l r e a d y  accu m u la ted  c r y s t a l s  o f  p ig e o n i te  and l a b r a d o r i t e .  T h is 
c au se d  a  c o n c e n tr a t io n  o f  i r o n  o re s  in  th e  u p p e r re g io n s  o f  th e  s i l l .  
However, t h e  v o l a t i l e s  c o u ld  n o t keep  a l l  o f  th e  i r o n  in  s o lu t io n  
th ro u g h o u t th e  p e rio d  o f  c o o lin g . Some i r o n  c r y s t a l l i z e d  o u t o f  th e  
m e lt  w ith  t h e  l a b r a d o r i t e  and  p ig e o n i te  a t  a c o n s ta n t  r a t e .  T h is
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T a b le  1 . C hem ical C om position  o f  t h e  M illtow n  Dam S i l l  and S im ila r  
I n t r u s i v e s .
Oxide 1 2 3 4 5 6 7 8
Si 02 45 .44 44.81 48 .27 45.5 48 .28 51.91 47 .0 0 47 .49
TiOg 2 .43 2 .5 5 2 .2 0 3 .1 .82 1.25 3 .6 0 3 .2 9
AI2O3 13 .6 9 13 .96 8 .5 8 1 5 .0 9.36 15.31 1 6 .4 4 14 .54
Fea03 6 .06 3 .75 4.06 3 .5 2 .1 4 0 .9 8 3 .3 1 3 .36
FeO 15 .1 2 16.66 22 .89 1 0 .4 11 .5 4 9 .36 1 2 .3 4 1 1 .8 0
AnO 0 .2 1 0 .17 0 .26 0 .2 0 .1 2 0 .0 8 0 .0 4 n .d .
MgO 7 .60 5 .54 1 .1 2 8 .1 17.48 7.52 3 .3 2 6 .1 0
CaO 6 .1 5 8 .53 7.42 8 .7 7 .0 0 9 .71 9 .5 7 9 .7 0
2 .2 0 3 .3 5 2 .65 2 .6 1 .59 2 .3 0 3 .3 8 2 .60
KgO 0 .7 0 0 .33 0 ,3 4 0 .4 0 .41 0 .79 0 .6 7 1 .1 2
H2O 0 .2 4 0 .3 4 1.13 1 . 7 0 .99 0 .93 n .d . n .d .
H2O - 0 .0 7 0 .1 9 0 .3 7 1 .0 0 .0 6 0 .15 n .d . n .d .
’2O5 T r. 0 .0 8 0 .65 0 .3 0 .1 1 0 .1 8 0.33 n .d .
302 0 .1 . . . . .
T o ta l 99 .97
________
100.26 100.03 99 .99 99.90 100.42 1 0 0 .0 1 0 0 .0
1.
2.
3 .
4*
5 .
6 . 
7 .
a.
M illtow n Dam f e r r o d ia b a s e .
H o r to n o l i te  f e r r o g r a b b r o , Wager and  D eer, 1939, S k ae rg aard  
F a y a l i t e  f e r ro g a b b ro .  Wager and D eer, 1939, S k ae rg aard . 
A verage p la te a u  b a s a l t .  M u ll, 1924.
O liv in e  d ia b a s e .  P a l is a d e  s i l l ,  N . J . ,  W alker, 1940.
A verage u n d i f f e r e n t i a t e d  d ia b a s e .  W alker, 1940.
D iabase d ik e ,  Sudbury , O n ta r io , T. L. W alker, 1897.
D iabase  d ik e ,  R o ck p o rt, N .Y ., W ash ing ton , 1899.
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s u p p o s i t io n  i s  ev idenced  by th e  un ifo rm  p e rc e n ta g e  o f i r o n  th ro u g h o u t 
th e  s i l l  w ith  th e  e x c e p tio n  o f  th e  c o a rse  zone. The i r o n  c o n te n t  i s  
p a r t i c u l a r l y  o b v io u s  in  th e  M illtow n  Dajn i n t r u s iv e  i n  t h a t  i t  o c cu rs  
a s  th e  o re  m in e r a ls ,  m a g n e tite  and i lm e n i t e ,  r a t h e r  th a n  i n  an i r o n -  
r i c h  pyroxene (T ab le  l ) .
O rder o f  C r y s t a l l i z a t i o n
W ell-fo rm ed  c r y s t a l s  o f  p ig e o n i te  and l a b r a d o r i t e  o c c u r r in g  
t o g e t h e r  th ro u g h o u t th e  i n t r u s iv e  su g g e s t  t h a t  th e s e  c r y s t a l l i z e d  
s im u lta n e o u s ly . However, a  s l i g h t ,  s te a d y  in c r e a s e  i n  th e  modal 
p e rc e n ta g e  o f  th e  p ig e o n i te  w ith  r e s p e c t  to  l a b r a d o r i t e  o c cu rs  from  
t h e  t o p  to  th e  bottom  o f  th e  s i l l  (F ig u re  1 5 ) . T h is in c r e a s e  i s  most 
r e a d i ly  a t t r i b u t a b l e  t o  c r y s t a l  s e t t l i n g .  The h ig h e r  s p e c i f i c  g r a v i ty  
o f  t h e  pyroxene caused  i t  t o  s in k  more r a p id ly  i n  th e  m e lt th a n  th e  
l i g h t e r  l a b r a d o r i t e .
O p tic a l  d a ta  show no chem ical v a r i a t i o n  in  th e  com position  o f  
th e  l a b r a d o r i t e  o r  p ig e o n i te  th ro u g h o u t th e  s i l l .  Lack o f  zon ing  in  
th e  p la g io c la s e  o r  th e  pyroxene shows t h a t  c o n d it io n s  i n  t h e  c r y s t a l ­
l i z i n g  magma changed c o n tin u o u s ly  to w ard  th o se  i n  w hich l a b r a d o r i t e  
(Ab^^An^^) and p ig e o n i te  (Wo^QEnj^Fsj^^) were th e  e q u il ib r iu m  p h a se s . 
The r e l a t i v e  hom ogeneity  o f  th e  i n t r u s i v e  can be a t t r i b u t e d  to  two 
f a c t o r s :  ( l )  i n t r u s io n  a t  d e p th  an d , p ro b a b ly  more s i g n i f i c a n t l y ,
(2 ) th e  p re se n c e  o f  v o l a t i l e s  in  th e  i n t r u s iv e  t h a t  low ered  th e  
te m p e ra tu re  p ro lo n g in g  th e  p e r io d  o f  c r y s t a l l i z a t i o n ,  and red u c in g  
t h e  v i s c o s i ty .
The w r i t e r  b e l ie v e s  t h a t  th e  p re s e n c e  o f  v o l a t i l e s  a cc o u n ts
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P e rc e n t  P ig e o n ite
F ig u re  15 . P e rc e n ta g e  o f p ig e o n i te  a s  compared to  th e  p e rc e n ta g e  o f  
l a b r a d o r i t e .
f o r  th e  la c k  o f  ch em ica l v a r i a t i o n  w ith in  th e  m in e ra l f r a c t i o n s .
T h ree  c r i t e r i a  seem to  s u b s t a n t i a t e  t h i s  p rem ise : ( l )  r e d u c t io n  o f
v i s c o s i t y  by v o l a t i l e s  made i t  p o s s ib le  f o r  th e  m in e ra l  f r a c t io n s  to  
rem ain  in  c o n s ta n t  e q u il ib r iu m  w ith  th e  m elt^  a c c o u n tin g  f o r  th e  la c k  
o f  zon ing  in  th e  c lin o p y ro x e n e  and th e  p la g io c la s e .  (2 ) th e  c o n ta c ts  
o f  th e  s i l l  w ith  th e  e n c lo s in g  l im e s to n e  a re  k n i f e - s h a r p  showing 
e v id en ce  o f  q u ic k  c o o lin g  by th e  c o u n try  ro ck  and low  te m p e ra tu re  o f  
t h e  in t r u d in g  magma, a lth o u g h  g r a in  s i z e  o f  th e  ro ck  in c r e a s e s  n o ta b ly  
from  th e  bo ttom  upw ard. T his r e f l e c t s  c o n c e n tr a t io n  o f  v o l a t i l e s  as 
t h e  l i q u i d  phase was g ra d u a l ly  d is p la c e d  upward by s in k in g  c r y s t a l s ,
(3 ) a s  was p re v io u s ly  m en tio n ed , v o l a t i l e s  can c a u se  i ro n  t o  be con­
c e n t r a te d  i n  th e  up p er r e g io n s  o f  an i n t r u s iv e  w hich h o ld s t r u e  f o r  th e  
M illto w n  Dam s i l l .  Due to  i t s  r e l a t i v e l y  sm a ll s i z e ,  i f  th e  s i l l  had
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b e en  in t r u d e d  w ith o u t th e  p re se n c e  o f v o l a t i l e s ,  i t  would have p ro b ab ly  
b e en  much f i n e r  g ra in e d .
The P a re n t Magma
The i r o n - r i c h  com position  and o r i g in  o f  th e  s i l l  p r e s e n t  an  
i n t e r e s t i n g  p rob lem . The c h a r a c te r  and com position  o f  th e  s i l l  g iv e  
good in d ic a t io n s  a s  to  th e  c h a r a c te r ,  c o m p o s itio n , and s t a t e  o f  th e  
p a re n t  magma a t  t h e  tim e th e  s i l l  was tap p e d  from  th e  magma cham ber. 
C hem ical and modal a n a ly s e s  o f  t h e  s i l l  show t h a t  a t  th e  tim e  th e  s i l l  
was i n j e c t e d  i n to  th e  c o u n try  ro c k  th e  p a re n t  magma was s t i l l  b a s ic  in  
co m p o s itio n  b u t d i f f e r e n t i a t e d .  S e v e ra l argum ents b ased  on c o l l e c t e d  
d a ta  su p p o r t th e s e  c o n c lu s io n s . P ro b ab ly  th e  m ost s i g n i f i c a n t  argum ent 
i s  th e  ab n o rm ally  h ig h  i r o n  c o n te n t o f  th e  s i l l .  High i r o n  c o n c e n tra ­
t i o n s  o c c u r  p r im a r i ly  i n  th e  upperm ost p a r t s  o f  th e  magpia chamber 
b e fo re  c r y s t a l l i z a t i o n  o f  th e  r e s i d u a l  m e l t ,  a f a c t  b ro u g h t o u t by  
many a u th o r s  i n  th e  l i t e r a t u r e .  Fenner (1931) a d v o c a te s  t h a t  th e  
norm al c o u rse  o f  f r a c t i o n a l  c r y s t a l l i z a t i o n  o f  a b a s a l t i c  magma w i l l  
l e a d  t o  p ro g re s s iv e  en rich m en t i n  i r o n ,  so ou tw eigh ing  a l l  o th e r  e f f e c t s  
o f  d i f f e r e n t i a t i o n  t h a t  when m ost o f  th e  mass i s  s o l i d i f i e d  th e  l i q u i d s  
rem a in in g  would b e  com parable i n  c o m p o s itio n  to  a f e r ro g a b b ro — e x tre m e ly  
r i c h  i n  i r o n .  To have th e  a b n o rm a lly  h ig h  c o n c e n tr a t io n  o f  i r o n  found  
i n  th e  M illtow n  Dam s i l l ,  th e  r e s id u a l  f l u i d  o f a  magma in  t h i s  s t a t e  
w ould have had t o  been  ta p p e d . T here  have been s e v e r a l  c a s e s  in  which 
l a r g e  b o d ie s  o f  d i f f e r e n t i a t e d  b a s a l t i c  magmas have  shown a  p r o g re s s iv e  
e n ric h m e n t in  i r o n  and d e c re a se  i n  soda  i n  what a p p ea rs  to  have been  a 
l a t e - c r y s t  a l i i  z in g  r e s id u a l  m e lt .  A c l a s s i c  exam ple i s  th e  S k ae rg aard
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i n t r u s i v e  o f  E a s t G reenland  w here a norm al b a s a l t i c  magma fo llo w ed  a 
t r e n d  o f  d i f f e r e n t i a t i o n  w hich gave r i s e  to  ro ck s  e x c e p t io n a l ly  r i c h  
i n  i r o n  in  t h e  u p p e r  p o r t io n s .  T u rner and Verhoogen (1951) and o th e r s  
p o in t  o u t t h a t  i t  i s  c l e a r l y  dem o n stra ted  i n  th e  S k ae rg aard  m ass t h a t  
f r a c t i o n a l  c r y s t a l l i z a t i o n  o f  a  b a s a l t i c  magma can  le a d  to  th e  develop­
m ent o f  a  h ig h ly  fe r ru g in o u s  magma. Emmons (1940) says t h a t  such  
ro ck s  a re  r a r e  b ecau se  s im p le , s t ro n g  f r a c t io n a t i o n  o f  a b a s a l t i c  
magma i s  a  p ro c e s s  w hich r a r e l y  o p e ra te s  i n  p e t r o g e n e s is . A ccording  
to  T u rn er and  Verhoogen ( l 9 5 l ) ,  f r a c t i o n a l  c r y s t a l l i z a t i o n  o f  a 
b a s a l t i c  magma i s  a  f l e x i b l e  p ro c e s s . One t r e n d ,  d e te rm in e d  by th e  
amount o f  w a te r  o r  by th e  in f lu e n c e  o f  a  f l o o r  on f r e e  movement o f 
c r y s t a l s ,  can  le a d  to  t h e  en richm ent o f  r e s id u a l  l i q u id s  i n  i r o n ,  b u t  
th e  m ost common t r e n d  o f  d i f f e r e n t i a t i o n  i s  to w a rd  a d a c i t e - r h y o l i t e , 
o r  a  t r a c h y te - p h o n o l i t e , r e s id u a l .
I f  a  magma fo llo w in g  th e  i r o n - r i c h  t r e n d  o f  d i f f e r e n t i a t i o n  
w ere t o  b e  ta p p e d  d u r in g  th e  l a t e  s ta g e s  o f c r y s t a l l i z a t i o n ,  an 
ig n e o u s  body ab n o rm a lly  h ig h  in  i r o n  would r e s u l t .  The w r i t e r  
b e l i e v e s  t h i s  to  b e  th e  re a so n  f o r  t h e  h ig h  p e rc e n ta g e  o f  i r o n  o re  
r e l a t i v e  t o  l a b r a d o r i t e  and p ig e o n i te  i n  th e  M illtow n  Dam s i l l .  I f  
th e  i n j e c t e d  body underw ent su b seq u en t f r a c t i o n a l  c r y s t a l l i z a t i o n  
w ith  t h e  p re se n c e  o f  v o l a t i l e s ,  a c o a r s e  zone v e ry  h ig h  i n  i r o n  o re s  
an d  s i m i l a r  to  th e  s i l l  would r e s u l t .
A somewhat more d i f f i c u l t  problem  t o  e x p la in  i s  th e  p re sen c e  
o f  o n ly  one py roxene . A lo n e  pyroxene can  o r i g i n a t e  in  o n ly  one 
way. Edwards (1942) b e l ie v e s  t h a t  pyroxene c r y s t a l l i z i n g  o u t o f a  
m e lt  a t  te m p e ra tu re s  above th e  pyroxene in v e r s io n  te m p e ra tu re  would
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P er c e n t FeSiO.
F ig u re  16 . Diagram i l l u s t r a t i n g  how th e  te m p e ra tu re  o f  a  
magna a t  t h e  b e g in n in g  o f  th e  c r y s t a l l i z a t i o n  l i e s  
below  and in  l a t e r  s ta g e s  o f  th e  c r y s t a l l i z a t i o n  l i e s  
a b o v e , th e  in v e r s io n  cu rv e  f o r  c lin o p y ro x e n e -o r th o ­
p y ro x en e . (From B a r th , T h e ro e t ic a l  P e tro lo g y , 1952).
c r y s t a l l i z e  a s  p ig e o n i te  and rem ain in c r e a s in g ly  s t a b le  in  s i l l - l i k e  
i n t r u s io n s  w i th  a m odera te  r a t e  o f  c o o lin g  ( F ig u re  1 6 ) . B arth  (1952) 
s a y s  t h i s  may be so i f  enough i r o n  i s  p re s e n t  i n  th e  r e s id u a l  m e l t .
He s t a t e s  t h a t  a s  a r e s id u a l  l i q u i d  becomes r i c h e r  in  i r o n ,  i t  w i l l  
come c lo s e r  t o  th e  in v e r s io n  te m p e ra tu re  o f  pyroxene (F ig u re  1 7 ) ,  
f o r  th e  in v e r s io n  te m p e ra tu re  d e c re a s e s  w ith  th e  in c re a s e  o f  i r o n .  
B ecause o f  t h i s ,  he  b e l ie v e s  th e  r e s i d u a l  m e lt may a t  tim e s  go above 
and  beyond th e  i n v e r s io n  p o in t  v iie re  c lin o p y ro x e n e s  a re  s t a b le  and 
o n ly  one m o n o c lin ic  pyroxene w i l l  s e p a r a te .  T h e re fo re , th e  w r i t e r  
b e l i e v e s  t h a t  t h e  r e s id u a l  l i q u i d  o f th e  p a re n t  magma o f  th e  M illtow n  
Dam s i l l  was s u f f i c i e n t l y  h igh  in  i r o n  t o  have c ro s s e d  th e  in v e r s io n  
te m p e ra tu re  o f  th e  pryoxenes and  o n ly  p ig e o n i te  c r y s t a l l i z e d
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F ig u re  17 . Schem atic e q u il ib r iu m  diagram  o f  th e  o rth o p y ro x en e  and
c lin o p y ro x e n e s  a t  s u b s o lid u s  te m p e ra tu re . (A f te r  B a r th , T h eo re t­
i c a l  P e tro lo g y , 1952). Above th e  domed s u r fa c e  A -A '-B -B '-C -C '
( th e  " ro o f" )  o n ly  one c lin o p y ro x e n e  i s  s t a b le .  In  th e  re g io n s  
below  th e  ro o f  and above th e  p la n e  B-B’-C-C* ( in  th e  " a t t i c " )  
two c lin o p y ro x e n e s  c o e x i s t ,  and below  th e  p la n e  B -B '-C -C  
c lin o p y ro x e n e  i s  i n  s t a b le  e q u il ib r iu m  w ith  o r th o p y ro x en e . A 
homogeneous c lin o p y ro x e n e , a t  a te m p e ra tu re  above th e  ro o f  upon 
c o o lin g  w i l l  p a ss  i n to  th e  a t t i c  and b rea k  up in to  two p y ro x en es. 
Upon f u r t h e r  c o o lin g  an  in v e r s io n  te m p e ra tu re  i s  rea ch e d  w here in  
o rth o p y ro x en e  w i l l  b e g in  c r y s t a l l i z i n g  w ith  th e  c lin o p y ro x e n e  
and rem ain  i n  e q u il ib r iu m . In  th e  p a re n t  magma o f  th e  M illtow n 
Dam s i l l ,  th e  in c r e a s in g  amount o f  i r o n  d u rin g  th e  c o u rs e  o f 
c r y s t a l l i z a t i o n  caused  th e  te m p e ra tu re  to  go above th e  ro o f  b e fo re  
th e  in v e r s io n  te m p e ra tu re  to  C a-poor o rth o p y ro x en e  was re a c h e d , 
c a u s in g  th e  c r y s t a l l i z a t i o n  o f  one C a-poor c lin o p y ro x e n e , p igeon­
i t e .  T h is i s  i l l u s t r a t e d  in  f ig u r e  16 .
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F ig u re  18 . N o m al c r y s t a l l i z a t i o n  c o u rse  in  p y ro x en e s . (A f te r  
B a r th , T h e o re t ic a l  P e tro lo g y , 1952 ).
(F ig u re  1 8 ) . T h is  was th e  s t a t e  o f  th e  r e s id u a l  m e lt when tap p ed  
from  th e  magna cham ber. V o la t i le s  a lo n g  w ith  h ig h  c o n c e n tra t io n s  o f  
i r o n  cau sed  c o n d i t io n s  to  rem ain  c o n s ta n t  even a f t e r  w ith d raw a l from  
th e  cham ber. T h is ,  p lu s  th e  m odera te  r a t e  o f  c o o lin g ,  i s  r e s p o n s ib le  
f o r  th e  lo n e  c lin o p y ro x e n e , p ig e o n i t e ,  found in  th e  M illtow n  Dam 
s i l l .
D i f f e r e n t i a t i o n  o f  S im ila r  I n t r u s iv e s
Upon ex am in a tio n  o f  av erag e  rock  ty p e s  and s i m i l a r  in t r u s iv e s  
l i s t e d  in  t a b l e  1 , i t  can  be seen  t h a t  th e  M illtow n  Dam s i l l  b e a rs  
c lo s e s t  chem ical r e l a t i o n s h i p  to  ro ck s  from  th e  S k ae rg aard  i n t r u s iv e  
o f  e a s t  G reen lan d . As has been  m en tioned  p re v io u s ly , th e  S k ae rg aa rd  
m ass shows t h a t  ig n eo u s b o d ie s  e x tre m e ly  r ic h  i n  i r o n  can o r ig in a te  
fro m  a norm al b a s a l t i c  magna th rough  f r a c t i o n a l  c r y s t a l l i z a t i o n ,  and
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t h a t  such  ro ck s  a r e  by no means abnorm al.
O th e r a n a ly se s  i n  th e  t a b l e  d i f f e r  from th e  M illto w n  Dam s i l l  
i n  t h a t  th e y  a re  a l l  much lo w er i n  Fe2Û^, r i c h e r  i n  CaO, and g e n e ra l ly  
lo w e r  i n  MgO. However, a n o th e r  s i l l  i s  m en tioned  by W alker (1940), 
b a sed  on th e  work o f Wagner (1 9 3 8 ), who d e s c r ib e s  a s e r i e s  o f  d ia b a se  
s i l l s  much h ig h e r  i n  i r o n  and low er in  s i l i c a  and lim e th a n  th e  
P a l is a d e  d ia b a s e  o f  New J e r s e y .  The pyroxene p re s e n t  i s  s a id  to  be 
p ig e o n i t e .  The o r i g in a l  d e s c r ip t io n s  o f  th e  d ia b a se  s i l l s  were n o t 
a v a i l a b l e  to  th e  a u th o r ;  and d a ta  c o u ld  n o t be compared t o  th e  
M illto w n  Dam s i l l .
CONCLUSIONS
1 ) ,  The s i l l  i s  more i r o n - r i c h  th a n  a  nor^nal d ia b a s e .
2 ) .  The p rim ary  f a c t o r  o f  d i f f e r e n t i a t i o n  was f r a c t i o n a l  c r y s t a l ­
l i z a t i o n ,  w hich l e f t  th e  r e s id u a l  m e lt r i c h  in  i r o n .
3 ) .  G ra in  s i z e  and modal o c c u rre n c e  show t h a t  th e  l a b r a d o r i t e  
and  p ig e o n i te  c r y s t a l l i z e d  s im u lta n e o u s ly  from th e  m e l t .
4 ) .  The p re se n c e  o f v o l a t i l e s  and  low  v i s c o s i ty  p e rm itte d  
com plete  f i n a l  e q u il ib r iu m  o f th e  l a b r a d o r i t e  and th e  p ig e o n i te
t o  o c c u r ,  a lth o u g h  th e  s i l l  was in tru d e d  a t  r e l a t i v e l y  low  tem per­
a tu r e s  .
5 ) .  The lo n e  pyroxene owes i t s  o r i g in  to  th e  abundance o f  i r o n ,  
w hich a llo w ed  te m p e ra tu re s  to  c ro s s  th e  in v e r s io n  te m p e ra tu re  f o r  
t h a t  m in e ra l ,  and th e  p re se n c e  o f  v o l a t i l e s .
6 ) .  The b a s a l t i c  p a re n t  magma was i n  th e  l a s t  s ta g e s  o f d i f f e r ­
e n t i a t i o n  when th e  s i l l  was ta p p e d  from th e  magma cham ber. T h is  
gave r i s e  t o  th e  h ig h  i r o n  c o n c e n tra t io n s  found i n  th e  s i l l .
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In t r o d u c t io n
F ie ld  work was c a r r i e d  on in  th e  m onths o f  August and Septem ber 
1957 and c o n s is te d  o f  m easu rin g  th e  s i l l  and c o l l e c t in g  f r e s h  sam ples 
a t  tw o -fo o t i n t e r v a l s  p ro g re s s in g  from  th e  to p  to  th e  bottom  o f th e  
i n t r u s i v e .  A l l ie d  i n t r u s io n s  w ere a ls o  sam pled a t  t h i s  tim e  in  th e  
same m anner. The sam ples w ere la b e le d  and ground in to  t h i n  s e c t io n s  
i n  th e  l a b o r a to r y  f o r  s tu d y  u n d e r th e  p é tro g ra p h ie  m ic ro sco p e . What 
rem ained  o f  th e  sam ples was saved  f o r  m egascopic work and in d iv id u a l  
m in e ra l  s e p a r a t io n s .
The b u lk  o f  th e  m ic ro m e tric  d a ta  was o b ta in e d  from ex am ina tion  
o f  th e s e  t h i n  s e c t io n s  u n d e r th e  p o la r iz in g  m icroscope  i n  a sy s te m a tic  
m anner. However, th e  e x a c t co m p o sitio n s  o f  th e  p la g io c la s e  and th e  
py roxene w ere d e te rm in ed  o p t i c a l l y  by r e f r a c t i v e  in d e x  m easurem ents, 
and th e  o re  m in e r a ls ,  m a g n e tite  and i lm e n i t e ,  by x - r a y  a n a ly s i s .  
M in e ra ls  were s e p a ra te d  f o r  in d iv id u a l  g r a in  a n a ly s i s  by heavy m edia 
m ethods. The sam ples w ere c ru sh e d , s ie v e d ,  and  w ashed. The m agnetic  
g ra in s  w ere removed w ith  a s tro n g  m agnet, and th e  p la g io c la s e  and 
py roxene  s e p a ra te d  by  u s e  o f  bromoform.
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MICROMETRIC DATA 
I n t r o d u c t io n
S in ce  m ost o f  th e  c o n c lu s io n s  drawn in  t h i s  p a p e r  a r e  based on 
m ic ro m e tr ic  a n a ly s e s  o f  t h i n  s e c t io n s ,  i t  i s  d e s i r a b le  to  s t a t e  th e  
p re c a u t io n s  ta k e n  t o  e n su re  a c c u ra c y  and th e  m ethods u se d . The M il l ­
tow n i n t r u s iv e  i s  v e ry  fa v o ra b le  f o r  m ic ro m e tric  m easurem ents; th e  
t e x t u r e  i s ,  f o r  th e  m ost p a r t ,  f a i r l y  un ifo rm ; none o f  th e  g ra in s  i s  
v e ry  l a r g e .  The m odal a n a ly se s  w ere made w ith  a  p o in t  c o u n te r  i n  th e  
m anner recommended by Chayes (1949 ). A ccording to  Chayes, t h i s  method 
o f  c o u n tin g  l i m i t s  e r r o r s  to  l e s s  th a n  one p e rc e n t .  B efore  m easu ring  
th e  t h i n  s e c t io n s  u n d e r th e  m ic ro sc o p e , th e y  were c a r e f u l l y  examined 
t o  d e te rm in e  th e  m in e ra ls  p r e s e n t .  I f  a d o u b tfu l  m in e ra l was encoun­
t e r e d  d u rin g  a t r a v e r s e ,  how ever, i t  co u ld  be e a s i l y  i d e n t i f i e d  owing 
t o  th e  a v a i l a b i l i t y  o f  co n v erg in g  l i g h t .  Most o f  t h e  s e c t io n s  had an 
a r e a  o f  a p p ro x im a te ly  400 sq . mm and c o n ta in e d  bu t few  h o le s .  At l e a s t  
1400 g r a in s  w ere co u n ted  in  each  s e c t io n  and th e  r e s u l t s  c a lc u la te d  to  
one d ec im a l p la c e .  In  th e  few  c a se s  w here th e  modal co m p o sitio n  changed 
r a d i c a l l y ,  a new t h i n  s e c t io n  was made and a n a ly z e d . In  th e  few i n ­
s ta n c e s  where t h i s  o c c u rre d , th e  second coun t d id  n o t d i f f e r  s i g n i f i ­
c a n t ly  from th e  f i r s t .  A ll c h l o r i t e  en co u n te red  i n  th e  t r a v e r s e s  was 
c o u n te d  as b i o t i t e ,  and th e  s e r i c i t e  a s  u n a l te r e d  f e ld s p a r .
Modal g r a in  s iz e  o f  t h e  p la g io c la s e  and  th e  pyroxene was 
com puted in  a  s im i l a r  m anner. A t o t a l  o f  f i f t y  g ra in s  was m easured
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i n  each  s e c t io n .  Only th o s e  g r a in s  w ere m easured  on w hich th e  50 th  
d i v i s io n  o f  th e  o c u la r  m icro m eter f e l l  a t  p re -d e te rm in e d  space 
i n t e r v a l s .  The i n t e r v a l  chosen  was 2 .5  mm so a s  to  p roduce as w ide 
a  r e p r e s e n ta t io n  a s  p o s s ib le .
D ata
The r e s u l t s  o f  th e s e  m easurem ents i s  sum m arized i n  t a b l e  2 . 
The p o s i t io n  o f  each sam ple i s  g iv en  in  f e e t  below th e  to p  o f  th e  
s i l l .  Even th o u g h  th e  sam ple lo c a t io n s  were m easured o f f  i n  f i v e  
f o o t  i n t e r v a l s ,  i t  i s  p o s s ib le  t h a t  some e r r o r  a s  to  th e  t o t a l  t h ic k ­
n e s s  o f  th e  s i l l  was in tro d u c e d  by o f f s e t  sam p lin g . However, t h i s  
e r r o r  sh o u ld  be no l a r g e r  th a n  t  f i v e  f e e t .
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T ab le  2 .
No. D i s t .
Modal P e rc e n ta g e s G ra in  S ize
Lab. P ig . Mag. B io . O thers Lab. P ig .
1 O' 4 5 .1 3 7 .1 6 .2 11.3 Ap .-T r . .51 .35
2 5> 4 7 .1 3 0 .7 1 2 .1 9 .9 .66 .59
3 10» 51.2 3 0 .5 10 .3 8 .0 .86 .74
4 1 5 ' 50 .6 2 9 .6 9 .7 9 .7 1 .0 9 1 .1 1
5 20» 4 8 .8 3 1 .3 1 0 .7 9 .2 Q-Tr. 1 .1 4 1 .1 8
6 2 5 ' 4 1 .5 2 4 .8 1 8 .9 1 4 .7
Hb-Tr.
Q=1.3 2 .02 2.13
7 2 7 ' 4 9 .5 2 7 .3 1 2 .8 1 0 .4 Q-Tr.
8 30» . 4 5 .9 3 2 .1 1 .5 1 2 .2 1 .7 0 1.33
9 3 5 ' 5 1 .7 3 4 .8 6 .1 7 .2 .72 .71
10 40» 4 8 .3 3 4 .4 8 .0 9 .3 ,83 .71
11 4 5 ' 4 7 .5 3 7 .2 8 .5 6 .5 .63 .52
12 50» 50.1 3 5 .9 5 .4 8 .6 .71 .65
13 55 ' 4 2 .4 4 3 .4 4*4 8 .9 .61 .55
14 60» 4 5 .8 3 9 .0 4 .4 1 0 .8 *78 .62
15 6 5 ' 4 7 .9 3 7 .2 5 .8 8 .9 • 64 .52
16 70» 51.3 3 5 .0 5.3 8 .2 .61 .47
17 75 ' 4 8 .0 4 0 .1 6 .8 5.1 .58 .42
18 80» 4 6 .8 3 5 .9 7 .8 9 .6 • 44 .44
19 8 5 ' 4 7 .5 3 8 .0 7 .4 6 .3 .49 .45
20 90» 4 6 .3 3 8 .4 9 .6 5 .7 .46 . 40
21 9 5 ' 5 0 .8 3 2 .1 1 2 .0 5 .1 .50 .36
22 100» 51 .5 3 3 .1 8 .3 7 .2 . 44 .52
23 105 ' 4 2 .4 44 .1 8 .6 4 .5 .-T r . . 44 .46
A verages 4 7 .7 3 4 .8 8 .3 8 .1 .77 .69
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CHEMICAL DATA
The ch em ica l a n a ly s is  upon which th e  c o n c lu s io n s  reach ed  in  
t h i s  p a p e r  h in g e  was computed from  th e  volume p e rc e n t o f  th e  m in e ra ls  
p r e s e n t .  T h is m ethod o f  c a l c u l a t i n g  w e ig h t p e rc e n ts  i s  w e ll  d e sc r ib e d  
b y  Wahlstom (1 9 5 $ ). F o r com puting th e  w eigh t p e rc e n t o f  th e  in d iv id ­
u a l  o x id e s ,  th e  m ole p e rc e n ts  w ere c a lc u la te d  from  chem ica l com positions 
o b ta in e d  by  o p t i c a l  m easurem ents. The m ole p e rc e n t o f  th e  p ig e o n i te  
c o n s t i t u e n t s  were o b ta in e d  from  a p ap er by Hess (1 9 4 9 ), who g iv e s  th e  
c h e m ic a l a n a ly s i s  o f a v a r i e ty  o f  p ig e o n ite  w ith  s im i la r  o p t i c a l  
p r o p e r t i e s .  The m ole p e rc e n ts  o f  b i o t i t e  were a c q u ire d  from  a t a b l e  
i n  W ahlstrom  (1 9 5 $ ), i n  which he g iv e s  th e  av erag e  ox ide  c o m p o s itio n s  
o f  th e  m in e ra l .  These p e rc e n ta g e s  and th e  volume p e rc e n t f o r  each 
m in e ra l  a re  g iv en  i n  t a b l e s  4> 5 , & 6 . A lthough th e  a ccu racy  o f  th e  
w e ig h t p e rc e n ts  a r e  no t as p r e c i s e  a s  one m ight d e s i r e ,  th e  r e s u l t s  
a r e  such t h a t  a l a r g e r  e r r o r  th a n  m ight n o rm a lly  be expec ted  in  such 
a c a l c u l a t i o n  would n o t change th e  r e s u l t s  enough to  a l t e r  th e  o v e r a l l  
c o n c lu s io n s .
The x - r a y  d a ta  f o r  th e  o re  m in e ra ls  a re  g iv en  in  t a b l e  3 * The 
x - r a y  pho tog raph  showed th e  o re  to  be a  m ix tu re  o f  i lm e n ite  and magne­
t i t e .  The r e l a t i v e  i n t e n s i t i e s  o f  th e  l i n e s  on th e  pho tog raph  show 
th e  c o n c e n tr a t io n  o f  m a g n e tite  to  be ab o u t th r e e  t im e s  t h a t  o f 
i lm e n i t e .
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X-RAY LABORATORY 
Geology D ep t. HSU
Sam ple #149 A p ril 25 . 1953
Sample o f  T h es is  Ore M inera l 
M ethod Powder Rad. Fe F i l t e r  Camera ÿX
KV 35 Ma 8 Time 4? h r s .
T ab le  3
L in e S i (mm) C l
s
Uncor. 20 d
I
I '
1 1 5 7 .7 119 .6 3 8 .1 3 8 .1 2 .9 7 * 60*
2 16 0 .9 I t 41-3 41 .3
■SHf
2 .7 4
**
100
3 164 .6 t l 4 5 .0 4 5 .0 2 .53
■a- -K-3Î- 
100 -  85
4 1 7 1 .0 I t 5 1 .4 51 .4 2 .23 70
5 174 .5 If 54 .9 54 .9 2 .10* 50*
6 1 8 2 .0 II 6 2 .4 6 2 .4 1 . 3 7 ^ 85**
7 1 8 7 .9 I t 6 8 .3 6 8 .4 1 .7 3 '" 100**
8 193.2 II 73 .6 73 .6 1 .62 60*- 5 0 '^
9 201 .0 II , 8 1 .4 81 .5 1 .49** 70*- 85^^
S h r in k a g e  f a c t o r  = 299 .1  = 179-5 
119 .6  1 8 0 .0  
179 .5
z 99.72
* ”d*' sp a c in g  f o r  m a g n e ti te .
"d" sp a c in g  f o r  i lm e n i te .
***  "d" sjJac ing  f o r  b o th  m a g n e ti te  and  i lm e n i te .
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T ab le  4* Mole P e rc e n ts  o f  M in era l O xides o f  th e  M illtow n  Dam S i l l
M in. SiOa TiO j Fe^Oq FeO MnO MgO CaO NagO
I- - - - - - - - - - -
n a o '
Lab • 54 .68 28 .95 11.06 5 . 3 a
P ig e . 51 .24 .50 1 .0 7 .05 26.85 .55 14.85 W 1 .02 .02 .36 .18
B io . 4 2 .5 17.2 2 .2 2.7 25.0 9 . 0 1 . 4
Magn. 6 9 .0 3 1 .0
I lm . 52 .51 47.49
T able 5* C a lc u la t io n  o f  W eight P e rc e n ta g e s  from  Volume P e rc e n ta g e s
M in e ra l V ol. % Sp. Gr. Wt. %
L a b ra d o r i te 4 7 .7 X 2.71 129.26 4 1 .4
P ig e o n i te 3 4 .8 X 3 .42 119.01 38 .1
B i o t i t e 8 .1 X 3 .0 0 24.30 7 .7
M a g n e tite 5 .4 X 4.96 26 .78 8 .5
I lm e n i te 2 .9 X 4 .68 13.56 4.3
T ab le  6 . C a lc u la t io n  o f  W eight P e rc e n ta g e s  from th e  Mole P e rce n tag e s  
o f  th e  M in e ra ls .
M in. SiOa TiOp
r—-------
AlpO^ F^03 FeO MnO MgO CaO
’
KpO HpCT P2O5
Lab. 22.65 11 .96 4 .59 2.19
Pige. 19.52 1 .9 .41 .02 10.24 .21 5.67 1.56 .Œ .01 .13 .07
B io, 3.27 1 .32 .17 .20 193 .69 .11
Magn. 5 .8 7 264
I lm . 2.24 2C4
T o ta l 4 5 . 4 / 2.43
) -1 •- I
1 ^ 7 4 6 ,06 1512 •21 7.60 6.15 2.20 .70 .24 .07 T r.
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T ab le  7 . A com parison  o f  th e  Norm p e rc e n ts  w ith  th e  Modal p e rc e n ts  
o f  th e  m in e ra ls  i n  t h e  M illtow n Dam s i l l .
MODE NORM
M in e ra ls % M in era ls %
F la g . (Ab/tSAnss) 4 7 .7 F la g . (Ab/tSAnss) 4 6 .8
P ig e .  (WoioEn^j^Fs/^^) 3 4 .8 F ig e . (Wo^Engj^Fs/^o) 3 6 .2
Ma g n e t i t e - I lm e n i t  e 8 .3 M agnetite 6 .6
I lm e n ite 3 .4
B i o t i t e 8 .1
O liv in e 3 .6
O rth o c la se 4 .5
T o ta l  ---------- 9 8 .7 T o ta l ---------- 100 .1
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